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Introduction
Transcriptional gene silencing (TGS) is an epigene-
tic process that reduces gene expression by suppress-
ing transcription. In plants, TGS was first recognized due 
to the silencing of introduced transgenes, but it also con-
trols the activity of endogenous genes and transposons 
(Habu et al., 2001; Kaya et al., 2001; Lindroth et al., 
2001; Matzke et al., 2000; Singer et al., 2001; Steimer 
et al., 2000; Vaucheret and Fagard, 2001; Verbsky and 
Richards, 2001; Vielle-Calzada et al., 1999; Wolffe and 
Matzke, 1999). Multiple-copy transgenes, organized in 
complex structures with direct and/or inverted repeats, of-
ten become transcriptionally silenced (Paszkowski and 
Whithman, 2001; Vaucheret and Fagard, 2001; Wolffe and 
Matzke, 1999). However, there are also a few examples 
of a TGS-like phenomenon with single-copy transgenes 
(Cerutti et al., 1997b; Day et al., 2000; Iglesias et al., 
1997; Meyer and Heidmann, 1994). Moreover, adjacent 
transgenes within a single locus, for instance a selectable 
marker and a reporter gene, can become independently 
silenced (Day et al., 2000; Fu et al., 2000; H. Cerutti, un-
published observations). Some complex transgenic loci 
can also silence homologous sequences in  trans, in a 
phenomenon resembling paramutation (Chandler et al., 
2000; Vaucheret and Fagard, 2001). DNA–DNA interac-
tions have long been postulated to be involved in this kind 
of TGS (Luff et al., 1999; Matzke et al., 2000), but DNA–
RNA interactions may also play a significant role. Indeed, 
double-stranded RNA derived from promoter regions has 
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Abstract
In higher plants, mammals, and filamentous fungi, transcriptional gene silencing is frequently associated with 
DNA methylation. However, recent evidence suggests that certain transgenes can be inactivated by a methyla-
tion independent mechanism. In the unicellular green alga Chlamydomonas reinhardtii, single-copy transgenes 
are transcriptionally silenced without discernible cytosine methylation of the introduced DNA. We have iso-
lated a Chlamydomonas gene, Mut11, which is required for the transcriptional repression of single-copy trans-
genes. Mut11 appears to have a global role in gene regulation since it also affects transposon mobilization, cel-
lular growth, and sensitivity to DNA damaging agents. In transient expression assays, a fusion protein between 
the predicted Mut11 gene product (Mut11p) and E. coli β-glucuronidase localizes predominantly to the nucleus. 
Mut11p, a polypeptide of 370 amino acids containing seven WD40 repeats, is highly homologous to proteins of 
unknown function that are widely distributed among eukaryotes. Mut11p also shows similarity to the C-termi-
nal domain of TUP1, a global transcriptional co-repressor in fungi. Based on these findings we speculate that, in 
Chlamydomonas, the silencing of certain single-copy transgenes and dispersed transposons integrated into eu-
chromatic regions may occur by a mechanism(s) similar to those involving global transcriptional repressors. Our 
results also support the existence, in methylation-competent organisms, of a mechanism(s) of transcriptional 
(trans)gene silencing that is independent of DNA methylation.
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recently been shown to repress transcription from homol-
ogous sequences (Jones et al., 2001; Mette et al., 2001; 
Sijen et al., 2001). These observations raise the possi-
bility of mechanistic connections between post-transcrip-
tional gene silencing and TGS (Matzke et al., 2001; Sijen 
et al., 2001)
In eukaryotic organisms capable of methylating their 
DNA, TGS frequently correlates with cytosine methylation 
and with a locally condensed chromatin structure, partic-
ularly within promoter/enhancer regions (Koprek et al., 
2001; Paszkowski and Whithman, 2001; Vaucheret and 
Fagard, 2001; Ye and Signer, 1996). Some of the com-
ponents of the TGS machinery have been identified as 
suppressors of transgenic silencing in Arabidopsis  thali-
ana (Amedeo et al., 2000; Furner et al., 1998; Mittel-
sten-Scheid et al., 1998; Vongs et al., 1993). DDM1 (De-
crease in DNA Methylation) encodes a member of the 
SWI2/SNF2 family of chromatin-remodelling proteins and 
affects genome-wide methylation, particularly in repeti-
tive DNA (Jeddeloh et al., 1999; Mittelsten-Scheid et al., 
1998; Vongs et al., 1993). Defects in MET1 (Methyltrans-
ferase 1) or CMT3 (Chromomethylase 3) also suppress 
TGS in association with a reduction of DNA methylation 
(Finnegan and Kovac, 2000; Habu et al., 2001; Lindroth 
et al., 2001). In contrast, mutations in MOM1 (Morpheus’ 
Molecule 1), which encodes a novel protein with partial 
similarity to a SWI2/SNF2 ATPase/helicase domain, result 
in reactivation of silent transgenes while DNA methylation 
is maintained (Amedeo et al., 2000). Likewise, inhibition of 
HDA1 (originally denoted A. thaliana Histone Deacetylase 
1) gene expression releases silencing without changes in 
DNA methylation (Tian and Chen, 2001). Mutations in an-
other histone deacetylase gene, Arabidopsis HDA6, also 
cause reactivation of transgene expression (Murfett et al., 
2001; Verbsky and Richards, 2001).
Although DNA methylation could inhibit transcription di-
rectly, by blocking the binding of certain transcription fac-
tors, emerging evidence suggests that cytosine methyla-
tion is not sufficient for transcriptional silencing (Amedeo 
et al., 2000; Bird and Wolffe, 1999; Bird, 2002; Habu 
et al., 2001; Meyer, 2000; Paszkowski and Whithman, 
2001; Tian and Chen, 2001). In vertebrates, transcription 
may be blocked primarily by the formation on methylated 
DNA of a repressive chromatin structure, mediated by 
methylcytosine-binding proteins and/or DNA methyltrans-
ferases interacting with nucleosome remodelling and his-
tone deacetylase complexes (Bachman et al., 2001; Bird 
and Wolffe, 1999; Bird, 2002; Fuks et al., 2000; Robertson 
et al., 2000). Moreover, in Neurospora crassa DNA meth-
ylation depends on the methylation of histone H3, sug-
gesting that chromatin proteins can influence DNA meth-
ylation (Selker, 1998; Tamaru and Selker, 2001).
Transcriptional gene silencing can also occur indepen-
dently of cytosine methylation. In organisms lacking DNA 
methylation, or with very limited methylation such as Dro-
sophila  melanogaster, inheritable transcriptional states 
can be established and maintained by mechanisms in-
volving modulation of chromatin structure and/or nuclear 
organization (Hsieh and Fire, 2000; Lustig, 1998; Lyko, 
2001; Meyer, 2000). Methylation-independent TGS may 
also exist in plants. In Arabidopsis some transgenic loci 
remain silent despite drastically reduced methylation lev-
els due to depletion of MET1 (Mittelsten Scheid et al., 
1998; Morel et al., 2000). In addition, certain single-copy 
transgenes appear to be repressed without detectable 
promoter methylation (Fu et al., 2000; Meza et al., 2001). 
Furthermore, transcriptional silencing of cab140 in trans-
genic Arabidopsis and paramutation at the b1 and pl1 loci 
in maize do not correlate with DNA methylation (Bruss-
lan et al., 1993; Chandler et al., 2000). By analogy to ani-
mal and fungal systems, this type of TGS may depend on 
plant chromatin components. Indeed, MOM1 may act in-
dependently of methylation or, alternatively, downstream 
from this signal, such as in the recognition of methyl-
ated DNA (Amedeo et al., 2000; Paszkowski and Whith-
man, 2001). Histone deacetylases may also play a role in 
methylation independent gene silencing (Tian and Chen, 
2001; Verbsky and Richards, 2001). Moreover, plant ho-
mologues of polycomb-group (PcG) proteins (Gendal 
et al., 2001; Goodrich et al., 1997; Habu et al., 2001; Ki-
yosue et al., 1999; Luo et al., 1999; Ohad et al., 1999; Vi-
elle-Calzada et al., 1999), chromodomain containing poly-
peptides (Eshed et al., 1999; Gaudin et al., 2001; Ogas 
et al., 1999) and Chromatin Assembly Factor 1 (Kaya 
et al., 2001) have been implicated in the control of plant 
development and may also function in TGS, although the 
latter remains to be demonstrated.
In C. reinhardtii and other volvocine algae, TGS of 
multiple-copy transgenes is associated with cytosine 
methylation of the introduced DNA (Babinger et al., 
2001; Cerutti et al., 1997b). However, in the case of sin-
gle-copy transgenes, transcriptional inactivation oc-
curs without discernible DNA methylation (Cerutti et al., 
1997b). To elucidate the molecular mechanism(s) in-
volved in the latter process, we have isolated several mu-
tant strains that reactivate transgenic expression (Jeong 
et al., 2002). We report here the cloning and character-
ization of the gene disrupted in the Mut-11 strain. The 
Mut11 gene encodes a nuclear-localized protein contain-
ing seven WD40-repeats with similarity to the carboxyl 
terminal domain of TUP1, a fungal transcriptional co-re-
pressor. Close homologues of Mut11p are present in a 
wide variety of eukaryotes, suggesting a role for these 
proteins in an evolutionarily conserved mechanism. 
We hypothesize that Mut11p may silence unmethylated 
(trans)genes by inducing the formation of a repressive 
chromatin structure and/or by direct interference with the 
transcription machinery.
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Results
Isolation and genetic analyses of Mut-11
Strain 11-P[300] contains a transcriptionally silenced 
single-copy of the RbcS2::aadA::RbcS2 transgene (Ce-
rutti et al., 1997b). In this transgene the eubacterial aadA 
gene (conferring spectinomycin resistance) is under the 
control of regulatory sequences from the Chlamydomo-
nas small subunit of Rubisco (RbcS2) gene (Cerutti et al., 
1997a). By insertional mutagenesis we have isolated a 
mutant strain, Mut-11, that shows reactivation of RbcS2::
aadA::RbcS2 expression (Jeong et al., 2002). Mut-11 was 
generated by integration of the rs-3 marker, encoding 
protoporphyrinogen oxidase (Randolph-Anderson et al., 
1998), into the nuclear genome of 11-P[300] and selec-
tion for resistance to diphenyl ether herbicides.
To test whether the insertional mutagen co-segregated 
with reactivation of transgenic expression, Mut-11 was 
crossed to the wild-type strain of opposite mating type, 
CC-125. A meiotic tetrad product containing exclusively 
the tagging plasmid (Mut-11-7-1) was backcrossed to 11-
P[300] and the progeny examined for de-repression of 
the aadA transgene (Figure 1). Only meiotic tetrad prod-
ucts containing both the rs-3 marker and the RbcS2::
aadA::RbcS2 transgene, as detected by Southern blot 
hybridization (Figure 1b, tetrad 1, products 2 and 3, and 
tetrad 2, product 1), were able to grow on spectinomy-
cin containing medium (Figure 1a). In contrast, meiotic 
tetrad products containing the chimeric aadA transgene 
in a wild-type background (Figure 1b, tetrad 2, product 
4, and tetrad 3, products 2 and 3) showed sensitivity to 
spectinomycin (Figure 1a). We also crossed Mut-11-7-1 
to strain 27-P[1030] that contains another transcription-
ally silenced single-copy RbcS2::aadA::RbcS2 trans-
gene (Cerutti et al., 1997b). The 27-P[1030] transgene 
is controlled by a longer RbcS2 promoter region and is 
integrated at an unlinked genomic locus compared to 
the 11-P[300] transgene. Yet, in the Mut-11-7-1 by 27-
P[1030] cross, meiotic tetrad products containing both 
the rs-3 selectable marker and the aadA chimeric trans-
gene also showed resistance to spectinomycin (Fig-
ure 1c and data not shown). Thus, the genetic analysis 
confirmed that integration of the rs-3 plasmid disrupted a 
gene, designated Mut11, required for epigenetic silenc-
ing of the RbcS2::aadA::RbcS2 transgenes. In addition, 
the mutation affects tolerance to DNA damaging agents, 
cell growth, and transposon mobilization, particularly in 
combination with a mutation in the Mut9 gene (Jeong 
et al., 2002).
Cloning and identification of the Mut11 gene
Chlamydomonas sequences flanking the integrated 
rs-3 gene were obtained by plasmid rescue (Tam and 
Lefebvre, 1995) and used to screen a Chlamydomonas 
Figure 1. Suppression of RbcS2::aadA::RbcS2 silencing co-seg-
regates with the tagging rs-3 marker.
A meiotic tetrad product (Mut-11-7-1), containing exclusively the tag-
ging plasmid, was crossed to two strains, 11-P[300] or 27-P[1030], 
containing silenced, single-copies of the RbcS2::aadA::RbcS2 trans-
gene. Reactivation of transgene expression was tested in the progeny 
of the crosses.
(a) Growth and survival of cells on tris-acetate-phosphate me-
dium with (TAP + SPEC) or without (TAP) spectinomycin. The paren-
tal strains and the meiotic products of three tetrads are shown. Cells 
grown to logarithmic phase were diluted in TAP medium to 5 × 104 cell 
per 5 μl, spotted on plates, and incubated as described (Jeong et al., 
2002). 
(b) Southern blot analysis of the parental strains and the products 
of three tetrads from the cross of Mut-11-7-1 and 11-P[300]. Genomic 
DNA was digested with HindIII and probed with the pBluescript vector 
sequence, which identifies both the transgene (aadA) and the tagging 
plasmid (rs-3).
(c) Analysis of reactivation of transgene expression in the progeny 
of the Mut-11-7-1 by 27-P[1030] cross. Experimental details were as 
described under (a).
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genomic library. We isolated several overlapping cos-
mid clones that complemented the mutant phenotypes of 
Mut-11 (see below). Restriction enzyme mapping of cos-
mid 10 together with Southern blot analyses of the wild-
type and mutant strains revealed that integration of the 
rs-3 plasmid caused a deletion in the genome of Mut-
11 (Figure 2). The 3’ end of this deletion was precisely 
defined, 200 bp past a HindIII restriction site, based on 
the junction sequence recovered by plasmid rescue (Fig-
ure 2a and data not shown). The 5’ end of the deletion, 
although not exactly delimited, was mapped to a 3.7-kb 
region between a SacI and a PvuI restriction sites (Fig-
ure 2a, dashed line). This corresponds to a maximal de-
letion of approximately 10 kb in the nuclear genome of 
Mut-11 (Figure 2a).
To define the Mut11 gene, fragments overlapping the 
deleted region were subcloned from cosmid 10 and tested 
for their ability to complement the mutant phenotypes (Fig-
ure 2a and data not shown). Mut-11 cells were co-trans-
formed with plasmid pJK7, encoding resistance to the 
herbicide sulfometuron methyl, and each of the cosmid 10 
subclones. Herbicide resistant transformants were exam-
ined for re-silencing of RbcS2::aadA::RbcS2 by evaluating 
cell survival on spectinomycin containing medium. Trans-
formants were also analyzed for sensitivity to several DNA 
damaging agents, such as bleomycin and methyl meth-
anesulfonate (MMS). A 4.3-kb PvuI/EcoRI DNA fragment, 
that is absent in Mut-11 due to the rs-3 associated dele-
tion (Figure 2b), complemented all tested mutant phe-
notypes [ Figure 3 and Figure 4, Mut-11(Mut11)]. Partial 
complementation was also feasible with a shorter frag-
ment. In strain Mut-11(Mut11*), although the 4.3 kb com-
plementing segment showed a deletion in the non-coding-
3’ end region (Figure 2b and data not shown), the mutant 
phenotypes were partially corrected (Figure 3a). These 
results indicated that the Mut11 gene is contained within 
the 4.3 kb PvuI/EcoRI DNA fragment (Figure 2a).
Phenotypic analyses of mutant and complemented 
strains
We examined the expression of the RbcS2::aadA::RbcS2 
transgene in the parental strain 11-P[300], the mutant 
Figure 2. Genomic structure of the Mut11 gene.
(a) The top diagram represents the genomic organization of Mut11 
and the flanking predicted genes. Coding exons are depicted as 
solid boxes. The flanking genes are not fully contained within the se-
quenced region and they are predicted to be transcribed in the oppo-
site orientation to that of Mut11 (see Experimental procedures). The 
deletion associated with integration of the rs-3 marker in Mut-11 is also 
indicated. The 5′ end of this deletion has not been precisely defined 
(dashed line). Different subclones used for complementation of strain 
Mut-11 are indicated below the diagram. Restriction sites: E, EcoRI; H, 
HindIII; P, PvuI; S, SacI.
(b) Southern blot analysis of the silenced parental strain (11-
P[300]), the mutant strain (Mut-11), two strains complemented with a 
wild-type copy of Mut11 [Mut-11(Mut11) and Mut-11(Mut11*)] and the 
wild-type untransformed strain (CC-124). Total cell DNA was digested 
with PvuI/EcoRI and hybridized with a probe corresponding to the first 
exon of Mut11.
Figure 3. Expression of the RbcS2::aadA::RbcS2 transgene and 
Mut11 in the mutant and complemented strains.
The parental strain 11-P(300) was included as a control. Abbreviations 
are as in the legend to Figure 2.
(a) Growth and survival of the indicated strains on TAP medium or 
on TAP medium containing spectinomycin.
(b) Northern blot analysis of polyadenylated RNA sequentially 
probed with the first exon of Mut11 (upper panel), the coding se-
quence of aadA (middle panel) and the coding sequence of TubA 
(lower panel). 
(c) Transcriptional activity in nuclear run-on assays of the RbcS2::
aadA::RbcS2 transgene. The Chlamydomonas genes TubA and RbcS 
were included as controls (Cerutti et al., 1997a).
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strain Mut-11, and the complemented strains Mut-
11(Mut11) and Mut-11(Mut11*). Mut-11 cells show reac-
tivation of expression of the transgene, as reflected by 
their survival on medium containing spectinomycin (Fig-
ure 3a) and by discernible levels of the RbcS2::aadA::
RbcS2 mRNA on Northern blots of polyadenylated RNA 
(Figure 3b, middle panel). In contrast, transformation of 
Mut-11 with the 4.3 kb PvuI/EcoRI fragment resulted in 
re-silencing of the aadA transgene. Complemented cells 
did not survive on spectinomycin-containing medium [Fig-
ure 3a, Mut-11(Mut11)] and the RbcS2::aadA::RbcS2 
message was not detected on Northern blots [Figure 3b, 
middle panel, Mut-11(Mut11)]. These phenotypes, indis-
tinguishable from those of the silenced parental strain 
(Figure 3a,b, 11-P[300]), are indicative of full complemen-
tation. Moreover, the growth defect of Mut-11 was also 
corrected since Mut-11(Mut11) grew as well as 11-P[300] 
under non-selective conditions (Figure 3a, TAP panel). In 
contrast, strain Mut-11(Mut11*) only showed partial com-
plementation manifested by weak survival on spectinomy-
cin-containing medium and slow growth on TAP medium 
(Figure 3a).
In addition to reactivation of transgenic expression, 
Mut-11 is particularly sensitive to genotoxic agents in-
ducing DNA double-strand breaks, such as MMS or bleo-
mycin (Figure 4). These phenotypes were also comple-
mented in strain Mut-11(Mut11) (Figure 4). Consistent with 
the role of Mut11 in determining all the tested phenotypes, 
its mRNA was undetectable in strain Mut-11 but was sim-
ilar to wild-type levels in Mut-11(Mut11) (Figure 3b, upper 
panel).
We also evaluated the transcriptional activity of the 
RbcS2::aadA::RbcS2 transgene by nuclear run-on as-
says. Nuclei were isolated from strains 11-P[300], Mut-
11, and Mut-11(Mut11) and run-on transcripts were radio-
actively labelled in vitro. Labelled RNAs corresponding to 
the aadA coding sequence were clearly discernible in the 
mutant strain but undetectable in 11-P[300] or the com-
plemented strain (Figure 3c). In contrast, the three strains 
showed similar levels of nuclear run-on transcripts from 
two endogenous genes, TubA  (encoding α1-tubulin) and 
RbcS (Figure 3c). These findings strongly indicate that 
Mut11 functions, directly or indirectly, in the transcriptional 
repression of transgenes.
The Mut11 gene encodes a WD40-repeat containing 
protein
Analysis of the sequence of the 4.3 kb PvuI/EcoRI 
fragment with exon prediction programs, such as Gene-
Mark and Genescan (Burge and Karlin, 1997; Lukashin 
and Borodovsky, 1998), identified a single full-length 
gene consisting of three exons (Figure 2a). The coding 
sequence of Mut11 was further confirmed by RT-PCR 
amplification of polyadenylated RNA. Rapid amplification 
of cDNA ends protocols (Wu-Scharf et al., 2000) were 
used to define the termini of the Mut11 mRNA. Gene-
Mark also predicted, on the complementary strand, ex-
ons corresponding to two incomplete genes that flank 
Mut11 (Figure 2a). Since these genes are not fully con-
tained within the 4.3 kb PvuI/EcoRI fragment they are un-
likely to be responsible for the phenotypic complementa-
tion. Moreover, they encode proteins that have not been 
implicated in transcriptional repression (see Experimen-
tal procedures).
The deduced Mut11 protein (Mut11p) contains 370 
amino acids and consists almost entirely of seven cop-
ies of the degenerate WD40 repeat (Figure 5a). Each 
WD40 domain contains a variable region and a core re-
gion, which includes preferentially conserved amino acids 
typically bracketed by Gly-His and Trp-Asp (Smith et al., 
1999). WD40-repeat proteins of known crystal structure 
adopt a β-propeller fold, a highly symmetrical structure 
made up of repeats resembling the blades of a propel-
ler (Smith et al., 1999; Sprague et al., 2000). Each se-
quence repeat corresponds to a permutated structural re-
peat of four β strands (designated A, B, C, and D) and the 
greatest variation in length is found in the region between 
strand C of one blade and strand A of the next (Smith 
et al., 1999). All of these features are present in the pre-
dicted WD40 repeats of Mut11p (Figure 5a), suggesting 
not only sequence but also structural conservation.
Despite possessing a common sequence motif and 
(expected) three-dimensional structure, WD40-repeat pro-
teins exhibit a high degree of functional diversity (Smith 
et al., 1999; Sprague et al., 2000). The WD40-repeat do-
main is thought to create a stable platform for the forma-
tion of protein complexes (Smith et al., 1999; Sprague 
et al., 2000). Smith et al. (1999) have proposed that the 
Figure 4. Effect of DNA damaging agents on the survival of the 
mutant, wild-type, and complemented strains.
Each graph point represents the mean (± SE) of nine replicates (three 
independent experiments). Where the error bars are not visible, they 
are smaller than the symbols. The panels show the survival of cells 
grown on TAP medium containing increasing concentrations of bleo-
mycin or methyl methanesulfonate (MMS). Symbols: □, wild-type CC-
124; ○, 11-P[300]; ♦, Mut-11; ▲, Mut-11(Mut11).
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best way to predict functional relationships among WD40-
repeat proteins is by sequence-homology searches us-
ing query sequences from which the non-surface residues 
(those in strands A, B, and C, and in the B- to C-turn) 
have been excluded. Proteins with very similar surfaces 
are expected to have common binding partners and re-
lated functions. Based on this type of analyses (see Ex-
perimental procedures), Mut11p was found to be homol-
ogous to ubiquitous 35–40 kDa WD40-repeat proteins of 
unknown function (Figure 5b). Mut11p is also similar to 
the WD40-repeat containing portion of the fungal TUP1 
family of transcriptional co-repressors, such as Emericella 
nidulans TUPA (Figure 5b). In addition, Mut11p is related 
to the C-terminal region of certain subunits of the TFIID 
transcription initiation factor, such as Schizosaccharomy-
ces  pombe TAF73 (Figure 5b). The similarity of Mut11p 
with TUP1 supports a role of the Chlamydomonas pro-
tein in transcriptional silencing. Moreover, the Mut11 pro-
tein contains a region rich in alanine residues (Figure 5a, 
underlined), resembling those frequently associated with 
transcriptional repression domains (Izzo et al., 1999; 
Tzamarias and Struhl, 1994).
Subcellular localization of a Mut11p-GUS fusion protein
If Mut11p is directly involved in TGS, it would be ex-
pected to localize to the nucleus. However, examination 
of the protein sequence (Figure 5a) did not reveal any 
obvious nuclear localization signal (NLS). To determine 
whether Mut11p is indeed a nuclear protein, we analyzed 
the subcellular partitioning of a fusion polypeptide consist-
ing of the Mut11 coding sequence linked to the N-terminus 
of the β-glucuronidase (GUS) reporter protein (Figure 6a). 
As a control we used a construct expressing GUS alone, 
since this 68-kDa protein has been shown to be excluded 
from the nucleus (Varagona et al., 1992).
Figure 5. Mut11 encodes a WD40-repeat con-
taining protein.
(a) Deduced amino acid sequence of Mut11p. 
Seven predicted WD40 repeats are aligned and 
putative   strands are indicated with arrows (A to 
D). A region rich in alanine residues is underlined.
(b) Schematic representation of Mut11p and 
some closely related proteins. The hatched boxes 
in the diagram of the C.  reinhardtii protein show 
the positions of the WD40 repeats. The solid ar-
eas in other protein diagrams indicate aligned re-
gions with greater than 30% identity to Mut11p. 
Accession numbers: Homo  sapiens, Q9UGP9; 
Drosophilla  melanogaster, Q9V3J8; Arabidop-
sis  thaliana, T46032; Caenorhabditis elegans, 
Q17963; Emericella nidulans, AAG28504; Schizo-
saccharomyces pombe, T39490.
Figure 6. Subcellular localization of GUS and Mut11p-GUS fusion 
proteins in transiently transformed onion epidermal cells.
(a) Diagram of GUS and of the Mut11p-GUS fusion polypeptide.
(b) The proteins expressed in onion epidermal cells were localized 
histochemically by the X-glucuronide assay. Transformed cells were 
classified as showing nuclear localization of GUS activity (solid bars, 
N) or not (hatched bars, C). The results shown are the average of 
three independent experiments (n = 300 for each construct).
(c) Representative cellular staining patterns in transiently transformed 
onion cells. Tissues were simultaneously analyzed by X-glucuronide 
staining (blue color, upper panels) and nuclei-specific propidium io-
dide staining (orange color, bottom panels). The panels on the left 
correspond to a cell transformed with the Mut11p-GUS fusion protein 
whereas the panels on the right correspond to a cell transformed with 
GUS alone. The nuclei are indicated with arrowheads. The scale bar 
represents 50  m.
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Since foreign proteins are frequently poorly expressed 
in Chlamydomonas (Cerutti et al., 1997a), onion epider-
mal peels were used as a transient gene expression sys-
tem, consisting of large, transparent cells that facilitate the 
imaging of subcellular structures (Scott et al., 1999). Nu-
clear protein targeting in the onion system has been dem-
onstrated to be identical to that in stable transgenic plants 
(Stacey et al., 1999; Varagona et al., 1992) and this also 
appears to be the case for the expression of Chlamydo-
monas proteins (Xiang et al., 2001; B.-R. Jeong and H. 
Cerutti, unpublished observations). The constructs, under 
the control of the cauliflower mosaic virus 35S promoter, 
were introduced into epidermal cells by particle bombard-
ment. The subcellular localization of the expressed pro-
teins was examined histochemically, using the X-glucuro-
nide assay for detecting GUS activity (Varagona et al., 
1992).
The Mut11p-GUS fusion protein was found predomi-
nantly in the nucleus. It was exclusively located in the nu-
cleus in approximately 80% of the cells examined (Fig-
ure 6b,c). In the remaining cells there was a clear nuclear 
enrichment with a variable degree of cytoplasmic staining. 
In contrast, the GUS protein was localized in the cyto-
plasm of onion cells (Figure 6b,c). The 106 kDa Mut11p-
GUS protein is expected to be excluded from the nucleus 
in the absence of an active localization mechanism. Thus, 
our results strongly suggest that Mut11p contains se-
quences that target it to the nucleus, such as a non-ca-
nonical NLS or an interacting domain allowing piggyback 
transport with a partner protein. However, further stud-
ies will be necessary to determine whether the partial cy-
tosolic location in some cells is an artefact of the assay, 
for instance due to excessive protein expression in onion 
cells, or a true reflection of the subcellular localization of 
Mut11p.
Discussion
Chlamydomonas strain 11-P[300] contains a transcrip-
tionally silenced, unmethylated-copy of the RbcS2::aadA:: 
RbcS2 transgene (Cerutti et al., 1997b). We have previ-
ously demonstrated that this transgene is reversibly re-
pressed and have initiated a mutagenesis screen to 
identify components of the silencing mechanism(s) (Ce-
rutti et al., 1997b; Jeong et al., 2002). Mut-11, a mutant 
strain derived from 11-P[300], shows reactivation of ex-
pression of the chimeric aadA transgene. Mut-11 also 
displays enhanced sensitivity to certain DNA damaging 
agents, defects in cell growth, and increased mobilization 
of transposable elements, especially in a double mutant 
background (this work and Jeong et al., 2002).
We have cloned the Mut11 gene and demonstrated 
that it can complement the defects in transgene silenc-
ing, cell growth, and tolerance to radiomimetic agents 
of strain Mut-11. Nuclear run-on transcription assays re-
vealed that Mut11 is required for transcriptional repres-
sion of the RbcS2::aadA::RbcS2 transgene. Moreover, a 
Mut11p-GUS fusion protein localizes predominantly to the 
nucleus in onion cells. These observations are consistent 
with a direct role of Mut11p in TGS. Deletion of Mut11 re-
activates the expression of two single-copy transgenes 
at different genomic locations, however, it does not sup-
press the transcriptional silencing of an extensively meth-
ylated, multiple-copy transgenic locus (data not shown). 
Thus, our results strongly suggest that the Mut11 gene 
product functions in a methylation independent TGS 
mechanism(s).
Mut11 encodes a predicted protein of 370 amino ac-
ids consisting of seven WD40 repeats. Mut11p is highly 
homologous to 35–40 kDa WD40-repeat containing poly-
peptides of unknown function that appear to be members 
of small multigene families in several eukaryotes. In Ara-
bidopsis there are two putative homologues, the WD40-
repeat regulatory protein TUP1 homologue (T46032) 
and a predicted WD-repeat protein (AAD15347). Mut11p 
is also similar, in a stretch encompassing the first six 
WD40 repeats, to the C-terminal domain of the TUP1 
family of fungal transcriptional co-repressors. In S. cere-
visiae TUP1 functions as a global co-repressor of RNA 
polymerase II transcription, controlling as many as 3% 
of the yeast genes (DeRisi et al., 1997; Smith and John-
son, 2000; Tzamarias and Struhl, 1994). Over expres-
sion of the C-terminal domain of TUP1 is sufficient to par-
tially repress cell-type specific genes in TUP1-deleted 
S. cerevisiae cells (Komachi et al., 1994). Chlamydomo-
nas Mut11p is also similar to the C-terminal region of cer-
tain subunits of the general transcription factor IID. TFIID 
plays a critical role in transcription initiation by RNA poly-
merase II and consists of the TATA-binding protein (TBP) 
and multiple TBP-associated factors (TAFs), including 
some WD40-repeat containing subunits that are required 
for the expression of specific genes (Green, 2000; Li and 
Reese, 2000).
The similarities between Mut11p and TUP1 strongly 
support a direct role of the Chlamydomonas protein in 
transcriptional repression. Moreover, the relationship of 
Mut11p with certain TAFs suggests the possibility of in-
teractions with the basal transcription machinery. Co-re-
pressors have long been considered to have a local ef-
fect, blocking transcription from specific promoters (Bone 
and Roth, 2001). However, the distinction between co-re-
pressor function and the transcriptional silencing of chro-
mosomal domains is becoming blurred (Courey and Jia, 
2001). S. cerevisiae TUP1 interacts directly with compo-
nents of the basal transcription machinery and modulates 
local chromatin structure through nucleosome position-
ing and/or recruitment of histone deacetylases (Bone and 
Roth, 2001; Smith and Johnson, 2000; Wu et al., 2001; 
Zaman et al., 2001). However, TUP1 has also been shown 
to spread along the length of a repressed gene (Ducker 
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and Simpson, 2000) and control nucleosomal remodelling 
over several kilobases of DNA (Fleming and Pennings, 
2001). This suggests that TUP1 may serve an architec-
tural function in the organization of silenced chromatin 
domains (Ducker and Simpson, 2000; Fleming and Pen-
nings, 2001). Similarly, Polycomb group proteins appear 
to mediate repression by two distinct mechanisms. PcG 
complexes may maintain silencing by direct interactions 
with transcription factors and/or by modulation of chroma-
tin structure through interactions with nucleosomes and 
histone deacetylases (Brelling et al., 2001; Brock and Lo-
huizen, 2001; Pirrota, 1998). Repressors may also effect 
transcriptional silencing by modulation of histone meth-
ylation (Briggs et al., 2001; Nagy et al., 2002; Roguev 
et al., 2001). It is interesting that all these repressor com-
plexes can act in a gene-specific and cell-type-specific 
manner, confining the silencing to limited domains within 
euchromatin.
In a variety of eukaryotic organisms, transcriptional si-
lencing of multiple-copy, tandemly repeated transgenes 
is frequently associated with the formation of a hetero-
chromatic structure and promoter/enhancer methylation, 
in species capable of methylating their DNA (Bird, 2002; 
Hsieh and Fire, 2000; Matzke et al., 2000; Meyer, 2000; 
Ye and Signer, 1996). Many observations suggest the ex-
istence of a general mechanism for the recognition, and 
subsequent inactivation, of repeated sequences via DNA-
DNA or DNA-RNA interactions (Hsieh and Fire, 2000; Luff 
et al., 1999; Matzke et al., 2001; Mette et al., 2001; Sijen 
et al., 2001; Vaucheret and Fagard, 2001). In contrast, 
the transcriptional silencing of single-copy transgenes 
has been postulated to depend on the site of insertion 
(position effects), for instance due to the spreading of het-
erochromatin from neighboring regions, or on the recog-
nition of specific features of the introduced DNA that tar-
get it for silencing, such as a particular sequence, base 
composition, or structure (Day et al., 2000; Iglesias et al., 
1997; Meyer and Heidmann, 1994). In Chlamydomonas, 
this type of silencing is not associated with DNA methyl-
ation or with significant alterations of chromatin structure 
that limit the accessibility of nucleases to the DNA in in-
tact nuclei (Cerutti et al., 1997b). Moreover, in several 
cases, transcriptional inactivation appears to be very lo-
calized, limited to only one of adjacent transgenes in a 
single locus (Day et al., 2000; Fu et al., 2000; H. Cerutti, 
unpublished observations). In these cases, TGS is un-
likely to result from the formation of extensive heterochro-
matic domains.
Long-range repressors, such as TUP1, silence tran-
scription of various chromosomal loci in a relatively in-
discriminate, promoter-independent manner (Courey and 
Jia, 2001). Based on our results, we propose that the si-
lencing of certain single-copy transgenes integrated into 
euchromatin may occur by a mechanism(s) similar to 
those involving global transcriptional repressors. By anal-
ogy to TUP1, Mut11p might repress transcription by di-
rect interference with the basal transcription machinery 
and/or transcriptional activators. Alternatively, Mut11p 
might be involved in the formation of a distinct chroma-
tin structure that is required for silencing of a limited chro-
mosomal domain. We have previously demonstrated that 
this mechanism(s) also participates in the inactivation of 
transposable elements in Chlamydomonas, although the 
evidence suggests the existence of multiple, partly re-
dundant pathways of epigenetic repression (Jeong et al., 
2002; Wu-Scharf et al., 2000). Interestingly, the transpo-
sons showing mobilization are present in limited numbers 
(10–40 copies per haploid genome), dispersed through-
out the nuclear genome, and do not appear to be meth-
ylated (Day et al., 1988; Ferris, 1989; Hall and Luck, 
1995; Jeong et al., 2002; data not shown). These trans-
posons most likely insert into euchromatic regions, since 
they were first isolated due to their integration into ac-
tive genes causing mutant phenotypes (Day et al., 1988; 
Schnell and Lefebvre, 1993). Thus, our results taken to-
gether support the existence of a global mechanism for 
the transcriptional silencing of dispersed, unmethylated 
DNA sequences.
Chlamydomonas strain Mut-11 exhibits pleiotropic phe-
notypes such as defects in transcriptional transgene si-
lencing, tolerance of DNA damage, cell growth, and re-
pression of transposable elements (this work and Jeong 
et al., 2002). This suggests that Mut11p may have a 
global regulatory function, possibly controlling certain en-
dogenous genes as well as transposons and transgenes 
integrated into euchromatin. As discussed before, Mut11 
may also play a role in DNA repair, perhaps indirectly by 
affecting chromatin structure (Jeong et al., 2002). Eluci-
dation of the mechanism(s) of Mut11p mediated repres-
sion will likely contribute to our understanding of methyla-
tion-independent TGS in euchromatic regions. An area of 
particular interest will be the mechanism targeting the si-
lencing machinery to specific transgenes or transposons.
Experimental procedures
Culture conditions, strains, and genetic analyses
C. reinhardtii cells were grown photoheterotrophically in 
Tris-acetate-phosphate (TAP) medium (Harris, 1989) under 
moderate light (Jeong et al., 2002). Strains 11-P[300], a trans-
formant that contains a silenced single-copy of the RbcS2::
aadA::RbcS2 transgene (Cerutti et al., 1997b), and Mut-11, an 
insertional mutant of 11-P[300] that shows reactivation of trans-
genic expression (Jeong et al., 2002), have been previously 
described. For genetic analyses, Mut-11 was crossed to the 
wild-type strain CC-125 and tetrads were dissected by stan-
dard procedures (Harris, 1989). A meiotic tetrad product con-
taining exclusively the rs-3 tagging plasmid was also crossed 
to the parental strain 11-P[300] and to strain 27-P[1030] (Ce-
rutti et al., 1997b). Reactivation of the RbcS2::aadA::RbcS2 
transgene was examined by spotting serially diluted cells on 
TAP plates containing different concentrations of spectinomy-
cin (Jeong et al., 2002).
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Plasmid rescue, cosmid library screening, and 
complementation tests
Chlamydomonas sequences flanking the tagging plasmid 
in Mut-11 were recovered by plasmid rescue in E. coli (Tam 
and Lefebvre, 1995) and used as probes to identify hybridizing 
cosmids from a Chlamydomonas genomic library (Sambrook 
et al., 1989). For complementation analysis, Mut-11 cells were 
co-transformed with a selectable marker (plasmid pJK7), con-
ferring resistance to the herbicide sulfometuron methyl, and 
with the isolated cosmid clones or derived subclones. Herbi-
cide resistant transformants were examined for re-silencing 
of RbcS2::aadA::RbcS2 by replica plating to spectinomycin 
containing medium (Wu-Scharf et al., 2000). Putative com-
plemented strains were also tested for survival to treatment 
with MMS or bleomycin, as previously described (Jeong et al., 
2002).
DNA and RNA analyses
Standard protocols were used for nucleic acid isolation, 
fractionation by gel electrophoresis, and hybridization with 32P-
labelled probes (Cerutti et al., 1997a; Sambrook et al., 1989).
Nuclear run-on transcription assays
Intact nuclei were isolated from Chlamydomonas cells and 
used to determine transcriptional activity as already described 
(Cerutti et al., 1997a, 1997b). Nuclear transcripts, labelled with 
32P-rUTP, were used as probes on filters containing an excess 
of target DNA. The radioactivity retained on the membranes 
was quantified with a PhosphorImager (Molecular Dynamics) 
(Cerutti et al., 1997a).
DNA sequence analyses
A 4.3-kb PvuI/EcoRI DNA fragment that complemented all 
tested mutant phenotypes was sequenced with an ABI377 
sequencer (Applied Biosystem). We also sequenced the 1.7 
kb EcoRI/HindIII segment located immediately downstream 
(Figure 2a). The 4.3 kb fragment contained a single full-
length gene that we designated Mut11, based on predictions 
with the GeneMark and Genscan programs (Burge and Kar-
lin, 1997; Lukashin and Borodovsky, 1998). This gene was 
flanked by two additional genes predicted to be encoded on 
the complementary strand. However, only part of their cod-
ing sequences is contained within the 4.3 kb PvuI/EcoRI frag-
ment (Figure 2a). Based on the partial sequence available, 
they encode proteins with similarity to cysteine synthase 
(BAB20863, upstream of Mut11) and a chloroplast localized 
trans-splicing factor (AAG39999, downstream from Mut11). 
The coding sequence of the predicted Mut11 gene was con-
firmed by reverse transcriptase polymerase chain reaction 
amplification from polyadenylated RNA (Wu-Scharf et al., 
2000). Proteins homologous to Mut11p were identified with 
BLASTP. To find functionally related WD40-repeat proteins, 
which are expected to have similar predicted surfaces (Smith 
et al., 1999), the conserved non-surface residues (those in 
strands A, B, and C, and in the B- to C-turn) were replaced 
with X’s. The remaining sequence, that includes the non-WD-
repeat leader, trailer, and loops correctly spaced with unin-
formative X’s, was used on BLASTP searches (see http://
bmercwww.bu.edu/bioinformatics/wdrepeat.html). Sequence 
alignments were generated with CLUSTALW. The coding se-
quence of Mut11  has been deposited in the DDBJ/EMBL/
GenBank database (Accession No. AF443204).
Transient expression and analysis of Mut11p-GUS subcellular 
localization in onion epidermal cells
A fusion protein between Mut11p and E. coli  β-glucuroni-
dase, under the control of the cauliflower mosaic virus 35S pro-
moter, was constructed to examine the intracellular localization 
of the Chlamydomonas protein. The coding sequence of Mut11 
was inserted in frame into an NcoI site overlapping the GUS 
translation start codon in plasmid pPTN134 (a gift from T. Cle-
mente). Cells in the epidermal layer of onion bulbs were trans-
formed by microprojectile bombardment with DNA coated tung-
sten particles (Stacey et al., 1999; Varagona et al., 1992). After 
bombardment, the epidermal peels were incubated for 18–20 h 
at 23 °C under constant light of 50  µmol · m–2 · s–1 photosyn-
thetically active radiation. Cell layers were stained for GUS ac-
tivity as described (Varagona et al., 1992), washed briefly in 
100 mm sodium phosphate (pH 7.0) and mounted in the same 
solution containing 1  µg ml–1 propidium iodide (PI). The stained 
cells were inspected by bright-field microscopy for distribution 
of GUS activity and by epifluorescent microscopy for PI label-
ling of the nucleus.
Acknowledgements
This work was supported by funds to H.C. from NSF (MCB-
9808473) and NIH (GM62915-02). We thank T. Clemente, J. 
Kovar and D. Weeks for kindly donating plasmids and labora-
tory members for critical reading of the manuscript.
References
Amedeo, P., Habu, Y., Afsar, K., Mittelsten Scheid, O. and 
Paszkowski, J. (2000) Disruption of the plant gene MOM 
releases transcriptional silencing of methylated genes. Na-
ture 405, 203–206. 
Babinger, P., Kobl, I., Mages, W. and Schmitt, R. (2001) A 
link between DNA methylation and epigenetic silencing in 
transgenic Volvox carteri. Nucl Acids Res. 15, 1261–1271. 
Bachman, K.E., Rountree, M.R. and Baylin, S.B. (2001) Dn-
mt3a and Dnmt3b are transcriptional repressors that ex-
hibit unique localization properties to heterochromatin. J. 
Biol. Chem. 276, 32282–32287. 
Bird, A. (2002) DNA methylation patterns and epigenetic mem-
ory. Genes Dev. 16, 6–21. 
Bird, A. and Wolffe, A.P. (1999) Methylation-induced repres-
sion—Belts, braces, and chromatin. Cell 99, 451–454. 
Bone, J.R. and Roth, S.Y. (2001) Co-repressor proteins and 
control of transcription in yeast. Curr. Top. Microbiol. Immu-
nol. 254, 59–78. 
Brelling, A., Turner, B.M., Bianchi, M.E. and Orlando, V. (2001) 
General transcription factors bind promoters repressed 
by Polycomb group proteins. Nature 412, 651–655. doi 
10.1038/35088090 
Briggs, S.D., Bryk, M., Strahl, B.D., Cheung, W.L., Davie, J.K., 
Dent, S.Y.R., Winston, F. and Allis, C.D. (2001) Histone H3 
34  Zhang, Wu-Scharf, Jeong, & cerutti in The PlanT Journal 31 (2002)
lysine 4 methylation is mediated by Set1 and required for 
cell growth and rDNA silencing in Saccharomyces cerevi-
siae. Genes Dev. 15, 3286–3295. 
Brock, H.W. and Lohuizen, M.V. (2001) The Polycomb group 
—no longer an exclusive club? Curr. Opin. Genet. Dev. 11, 
175–181. 
Brusslan, J.A., Karlin-Neumann, G.A., Huang, L. and Tobin, 
E.M. (1993) An Arabidopsis mutant with a reduced level 
of cab140 RNA is a result of co-suppression. Plant Cell 5, 
667–677. 
Burge, C. and Karlin, S. (1997) Prediction of complete gene 
structures in human genomic DNA. J. Mol. Biol. 268, 
78–94. 
Cerutti, H., Johnson, A.M., Gillham, N.W. and Boynton, J.E. 
(1997a) A eubacterial gene conferring spectinomycin re-
sistance on Chlamydomonas  reinhardtii: integration into 
the nuclear genome and gene expression. Genetics 145, 
97–110. 
Cerutti, H., Johnson, A.M., Gillham, N.W. and Boynton, J.E. 
(1997b) Epigenetic silencing of a foreign gene in nuclear 
transformants of Chlamydomonas. Plant Cell 9, 925–945. 
Chandler, V.L., Eggleston, W.B. and Dorweiler, J.E. (2000) 
Paramutation in maize. Plant Mol. Biol. 43, 121–145. 
Courey, A.J. and Jia, S. (2001) Transcriptional repression: the 
long and the short of it. Genes Dev. 15, 2786–2796. 
Day, C.D., Lee, E., Kobayashi, J., Holappa, L.D., Albert, H. 
and Ow, D.W. (2000) Transgene integration into the same 
chromosome location can produce alleles that express at a 
predictable level, or alleles that are differentially silenced. 
Genes Dev. 14, 2869–2880. 
Day, A., Schirmer-Rahire, M., Kuchka, M.R., Mayfield, S.P. 
and Rochaix, J.-D. (1988) A transposon with an unusual 
arrangement of long terminal repeats in the green alga 
Chlamydomonas reinhardtii. EMBO J. 7, 1917–1927. 
DeRisi, J.L., Iyer, V.R. and Brown, P.O. (1997) Exploring the 
metabolic and genetic control of gene expression on a ge-
nomic scale. Science 278, 680–686. 
Ducker, C.E. and Simpson, R.T. (2000) The organized chro-
matin domain of the repressed yeast a cell-specific gene 
STE6 contains two molecules of the corepressor Tup1p 
per nucleosome. EMBO J. 19, 400–409. 
Eshed, Y., Baum, S.F. and Bowman, J.L. (1999) Distinct mech-
anisms promote polarity establishment in carpels of Arabi-
dopsis. Cell 99, 199–209. 
Ferris, P.J. (1989) Characterization of a Chlamydomonas 
transposon, Gulliver, resembling those in higher plants. 
Genetics 122, 363–377. 
Finnegan, E.J. and Kovac, K.A. (2000) Plant DNA methyltrans-
ferases. Plant Mol. Biol. 43, 189–201. 
Fleming, A.B. and Pennings, S. (2001) Antagonistic remodel-
ling by Swi-Snf and Tup1-Ssn6 of an extensive chroma-
tin region forms the background for FLO1 gene regulation. 
EMBO J. 20, 5219–5231. 
Fu, X., Kohli, A., Twyman, R.M. and Christou, P. (2000) Alter-
native silencing effects involve distinct types of non-spread-
ing cytosine methylation at a three-gene, single-copy trans-
genic locus in rice. Mol. General Genet. 263, 106–118. 
Fuks, F., Burgers, W.A., Brehm, A., Hughes-Davies, L. and Kou-
zarides, T. (2000) DNA methyltransferase Dnmt1 associates 
with histone deacetylase activity. Nat. Genet. 24, 88–91. 
Furner, I.J., Sheikh, M.A. and Collett, C.E. (1998) Gene si-
lencing and homology-dependent gene silencing in Arabi-
dopsis: Genetic modifiers and DNA methylation. Genetics, 
149, 651–662. 
Gaudin, V., Libault, M., Pouteau, S., Juul, T., Zhao, G., Lefeb-
vre, D. and Grandjean, O. (2001) Mutations in LIKE HET-
EROCHROMATIN PROTEIN 1 affect flowering and plant 
architecture in Arabidopsis. Development 128, 4847–4858. 
Gendall, A.R., Levy, Y.Y., Wilson, A. and Dean, C. (2001) The 
VERNALIZATION 2 gene mediates the epigenetic regula-
tion of vernalization in Arabidopsis. Cell 107, 525–535. 
Goodrich, J., Puangsomlee, P., Martin, M., Long, B., Meyerow-
itz, E.M. and Coupland, G. (1997) A polycomb-group gene 
regulates homeotic gene expression in Arabidopsis. Na-
ture 386, 44–51. 
Green, M.R. (2000) TBP-associated factors (TAFIIs): multiple, 
selective transcriptional mediators in common complexes. 
Trends Biochem. Sci. 25, 59–63. 
Habu, Y., Kakutani, T. and Paszkowski, J. (2001) Epigenetic 
developmental mechanisms in plants: molecules and tar-
gets of plant epigenetic regulation. Curr. Opin. Genet. Dev. 
11, 215–220. 
Hall, J.L. and Luck, D.J.L. (1995) Basal body-associated DNA: 
In  situ studies in Chlamydomonas  reinhardtii. Proc. Natl. 
Acad. Sci. USA 92, 5129–5133. 
Harris, E.H. (1989) The Chlamydomonas Sourcebook. San Di-
ego: Academic Press. 
Hsieh, J. and Fire, A. (2000) Recognition and silencing of re-
peated DNA. Annu. Rev. Genet. 34, 187–204. 
Iglesias, V.A., Moscone, E.A., Papp, I., Neuhuber, F., Micha-
lowski, S., Phelan, T., Spiker, S., Matzke, M. and Matzke, 
A.J.M. (1997) Molecular and cytogenetic analyses of stably 
and unstably expressed transgene loci in tobacco. Plant 
Cell 9, 1251–1264. 
Izzo, M.W., Strachan, G.D., Stubbs, M.C. and Hall, D.J. (1999) 
Transcriptional repression from the c-myc P2 promoter 
by the zinc finger protein ZF87/MAZ. J. Biol. Chem. 274, 
19498–19506. 
Jeddeloh, J.A., Stokes, T.L. and Richards, E.J. (1999) Mainte-
nance of genomic methylation requires a SWI2/SNF2-like 
protein. Nat. Genet. 22, 94–97. 
Jeong, B.-R., Wu-Scharf, D., Zhang, C. and Cerutti, H. (2002) 
Suppressors of transcriptional transgenic silencing in 
Chlamydomonas are sensitive to DNA damaging agents 
and reactivate transposable elements. Proc. Natl. Acad. 
Sci. USA 99, 1076–1081. 
Jones, L., Ratcliff. F. and Baulcombe, D.C. (2001) RNA-di-
rected transcriptional gene silencing in plants can be inher-
ited independently of the RNA trigger and requires Met1 for 
maintenance. Curr. Biol. 11, 747–757. 
Kaya, H., Shibahara, K.-I., Taoka, K.-I., Iwabuchi, M., Stillman, 
B. and Araki, T. (2001) FASCIATA genes for chromatin as-
sembly factor-1 in Arabidopsis maintain the cellular organi-
zation of apical meristems. Cell 104, 131–142. 
WD40-repeat containing protein requireD for tranScriptional gene Silencing in Chlamydomonas 35
Kiyosue, T., Ohad, N., Yadegari, R., Hannon, M., Dinneny, J., 
Wells, D., Katz, A., Margossian, L., Harada, J.J., Goldberg, 
R.B. and Fischer, R.L. (1999) Control of fertilization-inde-
pendent endosperm development by the MEDEA poly-
comb gene in Arabidopsis. Proc. Natl. Acad. Sci. USA 96, 
4186–4191. 
Komachi, K., Redd, M.J. and Johnson, A.D. (1994) The WD 
repeats of Tup1 interact with the homeo domain protein α2. 
Genes Dev. 8, 2857–2867. 
Koprek, T., Rangel, S., McElroy, D., Louwerse, J.D., Williams-
Carrier, R.E. and Lemaux, P.G. (2001) Transposon-medi-
ated single-copy gene delivery leads to increased trans-
gene expression stability in barley. Plant Physiol. 125, 
1354–1362. 
Li, B. and Reese, J.C. (2000) De-repression of DNA dam-
age-regulated genes requires yeast TAFIIs. EMBO J. 19, 
4091–4100. 
Lindroth, A.M., Cao, X., Jackson, J.P., Zilberman, D., McCal-
lum, C.M., Henikoff, S. and Jacobsen, S.E. (2001) Re-
quirement of CHROMOMETHYLASE3 for maintenance of 
CpXpG methylation. Science 292, 2077–2080. 
Luff, B., Pawlowski, L. and Bender, J. (1999) An inverted re-
peat triggers cytosine methylation of identical sequences in 
Arabidopsis. Mol. Cell 3, 505–511. 
Lukashin, A.V. and Borodovsky, M. (1998) GeneMark.hmm: 
new solutions for gene finding. Nucl Acids Res. 26, 
1107–1115. 
Luo, M., Bilodeau, P., Koltunow, A., Dennis, E.S., Peacock, 
W.J. and Chaudhury, A.M. (1999) Genes controlling fertil-
ization-independent seed development in Arabidopsis thali-
ana. Proc. Natl. Acad. Sci. USA 96, 296–301. 
Lustig, A.J. (1998) Mechanisms of silencing in Saccharomyces 
cerevisiae. Curr. Opin. Genet. Dev. 8, 233–239. 
Lyko, F. (2001) DNA methylation learns to fly. Trends Genet. 
17, 169–172. 
Matzke, M., Matzke, A.J.M. and Kooter, J.M. (2001) RNA: guid-
ing gene silencing. Science 293, 1080–1083. 
Matzke, M.A., Mette, M.F. and Matzke, A.J.M. (2000) Trans-
gene silencing by the host genome defense: implications 
for the evolution of epigenetic control mechanisms in plants 
and vertebrates. Plant Mol. Biol. 43, 401–415. 
Mette, M.F., Matzke, A.J.M. and Matzke, M.A. (2001) Resis-
tance of RNA-mediated TGS to HC-Pro, a viral suppressor 
of PTGS, suggests alternative pathways for dsRNA pro-
cessing. Curr. Biol. 11, 1119–1123. 
Meyer, P. (2000) Transcriptional transgene silencing and chro-
matin components. Plant Mol. Biol. 43, 221–234. 
Meyer, P. and Heidmann, I. (1994) Epigenetic variants of a 
transgenic petunia line show hypermethylation in trans-
gene DNA: An indication for specific recognition of for-
eign DNA in transgenic plants. Mol. General Genet. 243, 
390–399. 
Meza, T.J., Kamfjord, D., Håkelien, A.-M., Evans, I., Godager, 
L.H., Mandal, A., Jakobsen, K.S. and Aalen, R.B. (2001) 
The frequency of silencing in Arabidopsis  thaliana varies 
highly between progeny of siblings and can be influenced 
by environmental factors. Transgenic Res. 10, 53–67. 
Mittelsten-Scheid, O., Afsar, K. and Paszkowski, J. (1998) Re-
lease of epigenetic gene silencing by trans-acting mutations 
in Arabidopsis. Proc. Natl. Acad. Sci. USA 95, 632–637. 
Morel, J., Mourrain, P., Beclin, C. and Vaucheret, H. (2000) 
DNA methylation and chromatin structure affect transcrip-
tional and post-transcriptional transgene silencing in Arabi-
dopsis. Curr. Biol. 10, 1591–1594. 
Murfett, J., Wang, X.-J., Hagen, G. and Guilfoyle, T.J. (2001) 
Identification of Arabidopsis histone deacetylase HDA6 
mutants that affect transgene expression. Plant Cell 13, 
1047–1061. 
Nagy, P.L., Griesenbeck, J., Kornberg, R.D. and Cleary, M.L. 
(2002) A trithorax-group complex purified from Saccharo-
myces cerevisiae is required for methylation of histone H3. 
Proc. Natl. Acad. Sci. USA 99, 90–94. 
Ogas, J., Kaufmann, S., Henderson, J. and Somerville, C. 
(1999) PICKLE is a CHD3 chromatin-remodeling factor 
that regulates the transition from embryonic to vegetative 
development in Arabidopsis. Proc. Natl. Acad. Sci. USA 
96, 13839–13844. 
Ohad, N., Yadegari, R., Margossian, L., Hannon, M., Michaeli, 
D., Harada, J.J., Goldberg, R.B. and Fischer, R.L. (1999) 
Mutations in FIE, a WD polycomb group gene, allow en-
dosperm development without fertilization. Plant Cell 11, 
407–416. 
Paszkowski, J. and Whithman, S.A. (2001) Gene silencing 
and DNA methylation processes. Curr. Opin. Plant Biol. 4, 
123–129. 
Pirrota, V. (1998) Polycombing the genome: PcG, trxG, and 
chromatin silencing. Cell 93, 333–336. 
Randolph-Anderson, B.L., Sato, R., Johnson, A.M., Harris, 
E.H., Hauser, C.R., Oeda, K., Ishige, F., Nishio, S., Gill-
ham, N.W. and Boynton, J.E. (1998) Isolation and char-
acterization of a mutant protoporphyrinogen oxidase gene 
from Chlamydomonas reinhardtii conferring resistance to 
porphyric herbicides. Plant Mol. Biol. 38, 839–859. 
Robertson, K.D., Ait-Si-Ali, S., Yokochi, T., Wade, P.A., Jones, 
P.L. and Wolffe, A.P. (2000) DNMT1 forms a complex with 
Rb, E2F1 and HDAC1 and represses transcription from 
E2F-responsive promoters. Nat. Genet. 25, 338–342. 
Roguev, A., Schaft, D., Shevchenko, A., Pijnappel, W.W.M.P., 
Wilm, M., Aasland, R. and Stewart, A.F. (2001) The Sac-
charomyces cerevisiae Set1 complex includes an Ash2 ho-
mologue and methylates histone 3 lysine 4. EMBO J. 20, 
7137–7148. 
Sambrook, J., Fritsch, E.F. and Maniatis, T. (1989) Molecular 
Cloning: a Laboratory Manual, 2nd edn. Cold Spring Har-
bor: Cold Spring Harbor Laboratory Press. 
Schnell, R.A. and Lefebvre, P.A. (1993) Isolation of the Chlam-
ydomonas regulatory gene NIT2 by transposon tagging. 
Genetics 134, 737–747. 
Scott, A., Wyatt, S., Tsou, P.-L., Robertson, D. and Allen, N.S. 
(1999) Model system for plant cell biology: GFP imaging in 
living onion epidermal cells. Biotechniques 26, 1125–1132. 
Selker, E.U. (1998) Trichostatin A causes selective loss of DNA 
methylation in Neurospora. Proc. Natl. Acad. Sci. USA 95, 
9430–9435. 
36  Zhang, Wu-Scharf, Jeong, & cerutti in The PlanT Journal 31 (2002)
Sijen, T., Vijn, I., Rebocho, A., van Blokland, R., Roelofs, D., 
Mol, J.N. and Kooter, J.M. (2001) Transcriptional and post 
transcriptional gene silencing are mechanistically related. 
Curr. Biol. 11, 436–440. 
Singer, T., Yordan, C. and Martienssen, R.A. (2001) Robert-
son’s Mutator transposons in A.  thaliana are regulated by 
the chromatin-remodeling gene Decrease in DNA Methyla-
tion (DDM1). Genes Dev. 15, 591–602. 
Smith, T.F., Gaitatzes, C., Saxena, K. and Neer, E.J. (1999) 
The WD repeat: a common architecture for diverse func-
tions. Trends Biochem. Sci. 24, 181–185. 
Smith, R.L. and Johnson, A.D. (2000) Turning genes off by 
Ssn6-Tup1: a conserved system of transcriptional repres-
sion in eukaryotes. Trends Biochem. Sci. 25, 325–330. 
Sprague, E.R., Redd, M.J., Johnson, A.D. and Wolberger, C. 
(2000) Structure of the C-terminal domain of Tup1, a core-
pressor of transcription in yeast. EMBO J. 12, 3016–3027. 
Stacey, M.G., Hicks, S.N. and von Arnim, A.G. (1999) Discrete 
domains mediate the light-responsive nuclear and cyto-
plasmic localization of Arabidopsis COP1. Plant Cell 11, 
349–363. 
Steimer, A., Amedeo, P., Afsar, K., Fransz, P., Mittelsten 
Scheid, O. and Paszkowski, J. (2000) Endogenous targets 
of transcriptional gene silencing in Arabidopsis. Plant Cell 
12, 1165–1178. 
Tam, L.-W. and Lefebvre, P.A. (1995) Insertional mutagenesis 
and isolation of tagged genes in Chlamydomonas. Meth. 
Cell Biol. 47, 519–523. 
Tamaru, H. and Selker, E.U. (2001) A histone H3 methyltrans-
ferase controls DNA methylation in Neurospora crassa. Na-
ture 414, 277–283.10.1038/35104508 
Tian, L. and Chen, Z.J. (2001) Blocking histone deacetylation 
in Arabidopsis induces pleiotropic effects on plant gene 
regulation and development. Proc. Natl. Acad. Sci. USA 
98, 200–205. 
Tzamarias, D. and Struhl, K. (1994) Functional dissection of 
the yeast Cyc8-Tup1 transcriptional co-repressor complex. 
Nature 369, 758–761. 
Varagona, M.J., Schmidt, R.J. and Raikhel, N.V. (1992) Nu-
clear localization signal(s) required for nuclear targeting 
of the maize regulatory protein Opaque-2. Plant Cell 4, 
1213–1227. 
Vaucheret, H. and Fagard, M. (2001) Transcriptional gene si-
lencing in plants: targets, inducers and regulators. Trends 
Genet. 17, 29–35. 
Verbsky, M.L. and Richards, E.J. (2001) Chromatin remodel-
ling in plants. Curr. Opin. Plant Biol. 4, 494–500. 
Vielle-Calzada, J.P., Thomas, J., Spillane, C., Coluccio, A., Ho-
eppner, M.A. and Grossniklaus, U. (1999) Maintenance 
of genomic imprinting at the Arabidopsis medea locus re-
quires zygotic DDM1 activity. Genes Dev. 13, 2971–2982. 
Vongs, A., Kakutani, T., Martienssen, R.A. and Richards, E.J. 
(1993) Arabidopsis thaliana DNA methylation mutants. Sci-
ence 260, 1926–1928. 
Wolffe, A.P. and Matzke, M.A. (1999) Epigenetics: regulation 
through repression. Science 286, 481–486. 
Wu, J., Suka, N., Carlson, M. and Grunstein, M. (2001) TUP1 
utilizes histone H3/H2B-specific HDA1 deacetylase to re-
press gene activity in yeast. Mol. Cell 7, 117–126. 
Wu-Scharf, D., Jeong, B.-R., Zhang, C. and Cerutti, H. (2000) 
Transgene and transposon silencing in Chlamydomonas 
reinhardtii by a DEAH-box RNA helicase. Science 290, 
1159–1162. doi 10.1126/science.290.5494.1159 
Xiang, Y., Zhang, J. and Weeks, D.P. (2001) The Cia5 gene 
controls formation of the carbon concentrating mechanism 
in Chlamydomonas reinhardtii. Proc. Natl. Acad. Sci. USA 
98, 5341–5346. 
Ye, F. and Signer, E.R. (1996) RIGS (repeat-induced gene si-
lencing) in Arabidopsis is transcriptional and alters chro-
matin configuration. Proc. Natl. Acad. Sci. USA 93, 
10881–10886. 
Zaman, Z., Ansari, A.Z., Koh, S.S., Young, R. and Ptashne, M. 
(2001) Interaction of a transcriptional repressor with the 
RNA polymerase II holoenzyme plays a crucial role in re-
pression. Proc. Natl. Acad. Sci. USA 98, 2550–2554.
